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Gap junctions (GJ) are known to be involved in spontaneous wound healing in rodent skin. We analyzed the
staining patterns of the GJ proteins Cx26, Cx30, and Cx43 in human cutaneous wound healing and compared
ex vivo spontaneous wound healing to non-healing wounds (chronic leg ulcers) and to ex vivo accelerated wound
healing after transplantation of cultured keratinocytes. We demonstrate a loss of Cx43 staining at the wound
margins during initial wound healing and after transplantation of keratinocytes. In contrast, Cx43 remains present
at the margins of most non-healing wounds. We show a subsequent induction of Cx26 and Cx30 near the wound
margins in spontaneous wound healing and—even earlier—after the transplantation of keratinocytes. The cells at
the wound margins remain negative until the commencement of epidermal regeneration. Cx26/30 are present at the
wound margins of most non-healing wounds. Cx stainings are absent in the transplanted keratinocytes during early
wound healing, but there is a subsequent induction. Our results suggest that the downregulation of Cx43 is an
important event in human wound healing. We discuss the assumption that direct cell–cell communication via GJ
contribute to the acceleration of wound healing after the transplantation of keratinocytes.
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Epidermal wound healing is an important part of cutaneous
wound healing in that it provides a permanent closure of the
wound and a restoration of important functions of the skin,
e.g., the barrier function. It is a very complex process
involving the proliferation and migration of keratinocytes at
the wound margins and the differentiation of keratinocytes
in the regenerated epidermis (Viziam et al, 1964; Odland
and Ross, 1968; Marks and Nishikawa, 1973; Garlick and
Taichman, 1994).
Gap Junctions (GJ) mediate direct communication
between adjacent cells by means of the exchange of small
molecules (o1000 Da), including metabolites and second
messengers (for a review see Kumar and Gilula, 1996). The
protein subunits of GJ channels are called connexins (Cx).
Six Cx form a hemichannel (connexon), and two connexons
(one from each cell) form a GJ channel. Connexons as well
as GJ channels can be both homomeric and heteromeric,
i.e., contain one or more different Cx. The composition of
GJ channels is important for their selectivity with regard to
passaging molecules and, as a result, communication
between the cells (Brissette et al, 1994; Elfgang et al,
1995; Veenstra, 1996; Falk et al, 1997; for reviews see
Goodenough et al, 1996; Kumar and Gilula, 1996; Richard,
2000). GJ have been shown to play important roles in the
proliferation, migration, and differentiation of keratinocytes
(Pitts et al, 1986; Salomon et al, 1993; Brissette et al, 1994;
Risek et al, 1994, 1998; Lucke et al, 1999). In rodents it has
been demonstrated that GJ are involved in cutaneous and
mucous wound healing. A downregulation of Cx43 and
Cx31.1 at the wound margins during initial wound healing is
followed by an upregulation of various Cx at the wound
margins and in the regenerating epithelium (Goliger and
Paul, 1995; Saitoh et al, 1997; Coutinho et al, 2003; Kretz
et al, 2003). Cx43-deficient mice as well as mice which
had been topically treated with Cx43-antisense gel demon-
strated accelerated wound healing (Kretz et al, 2003; Qiu
et al, 2003).
The distribution of Cx in rodent and human interfollicular
epidermis is not identical, e.g., in the case of rodents Cx43
is mainly found in the stratum basale and the (lower) stratum
spinosum while it is present in all viable layers of the human
epidermis, showing the lowest intensity in stratum basale
and the highest in the upper stratum spinosum (Wilgenbus
et al, 1992; Salomon et al, 1994; Goliger and Paul, 1995;
Masgrau-Peya et al, 1997; Saitoh et al, 1997; Tada and
Hashimoto, 1997; Coutinho et al, 2003; for review see
Richard et al, 2000). Consequently, there might exist
differences in Cx distribution between rodent and human
wound healing. This we wanted to clarify by means of our
studies.
The transplantation of cultured keratinocytes into
wounds has been shown to induce and accelerate wound
healing (Hunyadi et al, 1987; Leigh et al, 1991; Philips and
Gilchrest, 1992; Moll et al, 1995, 1998; Stark et al, 2000).
The main cause for this acceleration is probably cytokines
produced by transplanted keratinocytes and which activate
epidermal and/or adnexal keratinocytes (Leigh et al, 1991;
Abbreviations: Cx, connexin(s); GJ, gap junctions; GJIC, gap
junctional intercellular communication; PBS, phosphate-buffered
saline
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Phillips and Gilchrest, 1992; Rennekampff et al, 1996).
Intercellular communication, however, is not only provided
by indirect signalling via cytokines, but also by direct
signalling via GJ. Since at least a temporary incorporation of
transplanted keratinocytes into the wounds was observed
(Moll et al, 1998; Pokorna et al, 2001), direct signalling might
also play a role in the resultant accelerated wound healing.
To elucidate the role of GJ in human wound healing, we
investigated the distribution of GJ proteins in spontaneous
wound healing by using our well-established ex vivo wound-
healing model (Moll et al, 1998, 1999; Brandner et al, 2002).
In addition, we compared these data with non-healing
human wounds (chronic leg ulcers) and ex vivo wound
healing accelerated by the transplantation of keratinocytes.
We concentrated on the GJ proteins Cx26 and Cx30, which
are known to be induced in hyperproliferative human
keratinocytes (Rivas et al, 1997; Labarthe et al, 1998; Lucke
et al, 1999) and have been identified in severe human
genetic disorders with cutaneous involvement (Richard et al,
1998; Kelsell et al, 2000; Meyer et al, 2002; van Steensel
et al, 2002). We also investigated Cx43, which is ubiquitous
in human epidermis, and which proved to be important in
rodent wound healing (Kretz et al, 2003; Qiu et al, 2003).
Results
Speciﬁcity of Cx26 and Cx30 antibodies The polyclonal
antibodies against Cx26 used in this study (gpCx26) were
developed in our laboratory (see Materials and Methods)
and affinity purified with the corresponding peptide. In
mouse liver, gpCx26 showed a punctuate staining pattern
that is typical for Cx26 (Fig 1a, a00; see also Nagy et al, 2001,
Fig 5). To rule out the possibility of cross-reactivity of our
gpCx26 with Cx30 antigen, we investigated its staining
pattern in adult mouse brain. This showed an intense
staining of leptomeninges and blood vessels as is expected
for typical Cx26 staining (Fig 1b,b00 for comparison see also
Nagy et al, 2001; Fig 6a). Most regions of cerebral cortex
were not stained with gpCx26, even though Cx30 antigen
was present which was detected by antibodies against
Cx30 (Z-PP9; Fig 1b0, b00; for comparison see Nagy et al,
Fig 6b). Thus it appears that there was no cross-reactivity of
gpCx26 with Cx30 antigen. Z-PP9 did not stain mouse
liver, thus ruling out a cross-reactivity with Cx26 antigen
(Fig 1a0, a00).
Spontaneous wound healing The GJ proteins Cx26 and
Cx30 were stained only very weakly and sporadically in
some cells of the stratum granulosum in normal human
interfollicular epidermis (data not shown), whereas Cx43
was found in all viable layers with the lowest intensity in
stratum basale and the highest in upper stratum spinosum
(for Cx43 cf. Fig 2c, c0, left side).
During spontaneous wound healing, Cx26 and Cx30
were detected very faintly about 18 h after wounding in the
granular cell layer near the wound margins and in the basal
cell layer at some distance from the wound. The wound
margins and the close surrounding cells as well as the
regenerating epidermis proved negative (Fig 2a, a; b, b; for
illustration see Fig 9c). At this point of time only very small
regions of regenerating epidermis existed. Cx43 was not
detectable at and near the wound margins and in the
regenerating epidermis (Fig 2d, d for illustration see Fig 9c0),
whereas it was still present at some distance from the
wound (data not shown). The loss of Cx43 at the wound
margins could be observed as early as 5 h after wounding
(Fig 2c, c).
Subsequently (24, 48 h), Cx26 and Cx30 were found at
and near the wound margins and in the regenerating
epithelium in various layers with variable intensity (for 24 h
see Fig 3a–c; for illustration see Fig 9d; for 48 h; data not
shown), but they were absent from the leading edges of the
regenerating epidermis (Fig 3a–c). At some distance from
the wound, the intensity of staining of these proteins was
upregulated (data not shown). Cx43 was still absent at and
near the wound margins and also in the regenerating
epidermis (Fig 3e, e; for illustration see Fig 9d0,e0). The
staining patterns of Cx26 and Cx30 were highly similar, and
the proteins colocalized considerably at light microscopic
level (Fig 3a–d).
In fully regenerated, but not yet completely stratified
epidermis (5–6 d), Cx26 and Cx30 were found in all layers of
the central wound areas (Fig 4a, a; b, b; for illustration see
Figure 1
Demonstration of the specificity of
connexin (Cx)26 (gpCx26) and Cx30
(Z-PP9) antibodies. Immunfluores-
cence microscopy using gpCx26/Cy2
(a, b, green in a0 0, b0 0) and Z-PP9/Cy3 (a0,
b0, red in a0 0, b0 0) in vertical sections of
frozen samples of mouse liver (a) and
mouse brain (b) (a, a0, b, b0: epifuores-
cence; a0 0, b0 0 overlay of a, a0 and b, b0,
respectively). Note the typical punctuate
Cx26 staining with gpCx26 in liver. Note
that in the brain gpCx26 and Z-PP9
react with leptomeninges (arrows) and
blood vessels (arrowhead), which con-
tain Cx26 and Cx30 antigens, but only
Z-PP9 reacts with gray matter astro-
cytes, which contain Cx30 but not Cx26
antigen in this region (see also Nagy
et al, 2001). Bars: a: 50 mm; b: 20 mm.
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Fig 9f ). They were also found in all layers of the epidermis at
and near the wound margins and at some distance from the
wound (data not shown). At this stage of wound healing,
Cx43 was detectable in some cells of the regenerated
epidermis (Fig 4c, c W(ound)), but the intensity of Cx43
staining was lower in comparison with normal epidermis
(Fig 4c, c E(pidermis); for illustration see Fig 9f 0).
Distribution of Cx at the wound margins of chronic
wounds In non-healing (chronic) wounds, i.e., from pa-
tients with mixed, and diabetic leg ulcers, the GJ proteins
Cx26 and Cx30 were found in cells at and near the wound
margins (Fig 5a,b; for illustration see Fig 9k; see also Fig 2
for comparison with spontaneous wound healing) as well as
in cells at some distance from the wound (data not shown).
In two cases (two of nine mixed, zero of two diabetic) the
very first cells were negative. Cx43 was detected in ten of
11 cases examined in cells at the wound margins (Fig 5c–f;
for illustration see Fig 9k0) and in all cases near the wound
margins (Fig 5c–g) and at some distance from the wound
(Fig 5g). In three cases (three of nine mixed, zero of two
diabetic) the cells at and near the wound margins were less
intensely stained than those at some distance from the
wound (Fig 5g).
Wound healing after transplantation of cultured kerati-
nocytes The transplantation of keratinocytes accelerates
wound healing in vivo and ex vivo (see also Moll et al, 1998).
Wound closure by transplanted keratinocytes can be
observed 18 and 24 h after transplantation. Three days
after transplantation a regenerated, although not yet com-
pletely stratified, epidermis exists. In contrast, in spontane-
ous wound healing only small regions of regenerating
epidermis are found after 18 and 24 h and the epidermis
is regenerated after 5–7 d.
Cultured human keratinocytes were rarely positive for
Cx26 and Cx30, and widespread positive for Cx43 (Fig 6a–c).
Transplanted keratinocytes were negative for Cx26 and
Cx30 for at least 7 h after transplantation (data not shown);
after 12 h they were positive in some (data not shown), and
after 18 h in all wound models (Fig 6d, d0, e, e0; for illustration
see Fig 9h). Twenty four hours after transplantation the
intensity of staining for Cx26 and Cx30 in transplanted
keratinocytes was still increasing (Fig 7a,a; b, b; red staining
Figure 2
Localization of connexins (Cx) in
human spontaneous wound healing
5 h (Cx43) and 18 h after wounding.
Immunofluorescence microscopy in ver-
tical sections of frozen samples of
human wound models 5 and 18 h after
wounding demonstrating the localiza-
tion of Cx26 (a, epifluorescence; a0,
overlay of epifluorescence and corre-
sponding phase contrast; 18 h), Cx30 (b,
b0; 18 h), and Cx43 (c, c0; 5 h; d, d0; 18 h).
Insets in (a, a0, b) and (b0) are magnifica-
tions of the areas marked with asterisks.
The leading edges are indicated by
arrows, and positively stained cells in
the basal cell layer by arrowheads. The
‘‘magnifying glass’’ in the schematic
illustration of the wounded skin (E:
epidermis, yellow; D: dermis, beige) at
the bottom of the figure indicates the
location of the tissue regions shown
above. Note the decrease of Cx43
staining as early as 5 h after wounding
and the very weak upregulation of Cx26
and Cx30 near but not at the wound
margins 18 h after wounding. The red
staining in the stratum corneum (a, a0) is
unspecific due to the stickiness of this
cell layer. Scale bars: 50 mm.
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in Fig 8a, a; green staining in Fig 8 tags human cells in the
porcine wound model as Cy-2 coupled secondary anti-
bodies recognize human-specific E-cadherin primary anti-
bodies). The wound margins were negative for Cx26
and Cx30 after 7 h, heterogeneously positive (depending
on the wound model) after 12 and 18 h (data not
shown), and clearly positive after 24 h (red fluorescence in
Fig 8a, a).
Cx43 was not detected in transplanted keratinocytes 7 h
after transplantation (data not shown). In most wound
models transplanted keratinocytes were also negative for
Cx43 18 h after transplantation (Fig 6f, f 0, Fig 8b, b0), only in
some models a weak and heterogeneous staining was
found (data not shown). Twenty four hours after transplan-
tation an intense but heterogeneous staining was found in
all wound models (Fig 7c). The staining was not restricted to
cell–cell borders and a cross-reaction with other proteins
cannot therefore be absolutely excluded. Cx43 staining
was absent from the wound margins 7 and 18 h after
transplantation (for 18 h see red fluorescence in Fig 8b, b)
but was found heterogeneously after 24 h (data not shown).
Cx26 and Cx30 staining was observed at cell borders of
transplanted cells and tissue keratinocytes adjacent to each
other in excess of 18 h after transplantation (Fig 8a, a for
Cx26; for illustration see Fig 9h, i). It is not clear to date
whether or not junctions are formed between the two cell
populations. There was no difference in Cx26 staining
pattern between the transplantation of human keratinocytes
into human and porcine wound-healing models. For Cx30
we found the same results for the transplanted human
keratinocytes in both species, but the antibody used was
not reactive to porcine keratinocytes.
Discussion
Epidermal wound healing is associated with the prolifera-
tion, migration, and differentiation of keratinocytes. It is
known that GJ are involved in all of these processes (Pitts
et al, 1986; Salomon et al, 1993; Brissette et al, 1994; Risek
et al, 1994, 1998; Lucke et al, 1999). In the case of rodents a
variety of studies strongly supports the assumption of an
Figure 3
Localization of connexins (Cx) in hu-
man spontaneous wound healing 24 h
after wounding. Immunofluorescence
localization of Cx26 (green; a, c, d, d0 0
epifluorescence, a0, overlay of epifluor-
escence and corresponding phase con-
trast), Cx30 (red; b, b0, c, d0, d0 0), and
Cx43 (red; e, e0) in vertical sections of
frozen samples of human wound models
24 h after wounding. The leading edges
in (a–c) are indicated by arrows. Note
the colocalization of Cx26 (green) and
Cx30 (red) that can be seen especially in
(d-d0 0). The green staining in the stratum
corneum (a, a0, c) is unspecific due to
the stickiness of this cell layer. For
schematic illustration see Fig 2. Scale
bars: a–c, e, 50 mm; d, 10 mm.
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important role of GJ in spontaneous cutaneous wound
healing (Goliger and Paul, 1995; Coutinho et al, 2003; Kretz
et al, 2003; Qiu et al, 2003). It is not much known about the
role of GJ in human (spontaneous and delayed) wound
healing.
We demonstrate in this paper that in human spontaneous
cutaneous wound healing there is a lack of staining of the
GJ proteins Cx26, Cx30, and Cx43 in cells at the wound
margins and their close surroundings during the initial
period of epidermal regeneration (7, 18 h after wounding).
This corresponds with results found in the skin of rodents,
even though the distribution of Cx in normal interfollicular
epidermis differs between humans and rodents (Wilgenbus
et al, 1992; Salomon et al, 1994; Goliger and Paul, 1995;
Masgrau-Peya et al, 1997; Tada and Hashimoto, 1997; for a
review see Richard et al, 2000). Goliger and Paul (1995)
found a downregulation of Cx26, Cx31.1, and Cx43 at
wound edges 2 and 6 h after wounding in rat-tail skin and
Coutinho et al (2003) found the same for Cx26, Cx30, Cx43,
and Cx31.1 6 h after wounding in the backs of 2-d-old mice.
Our results also fit well with results found in hamster-tongue
epithelium (Saitoh et al, 1997; downregulation of Cx43 and
Cx26 6 h after wounding). Therefore, this early lack of all
the Cx investigated at the wound margins seems to be
important for wound healing, irrespective of species and
type of stratified epithelium. One might suggest that a gap-
junctional isolation of the cells at the wound margins (and
subsequently the leading edges of regenerating epidermis)
might be important for an isolation and subsequent
migration of these cells.
Moreover, we show that at subsequent stages during
wound healing (24, 48 h), the cells of the leading edges of
the regenerating epidermis are negative for Cx26 and Cx30,
whereas there is an increase of Cx26 and Cx30 stainings in
cells behind the leading edge and also at, near and at some
distance from the wound margins. A loss of Cx43 staining
is found in all of the cells of the regenerating epidermis as
well as at and near the wound margins. Our results again
correspond well with those found in rodents (Saitoh et al,
1997; Coutinho et al, 2003; Kretz et al, 2003) except for the
leading edges with regard to Cx26 and Cx30. In contrast to
our results, Coutinho et al (2003) described an upregulation
of Cx26 and Cx30 in the leading edges between 24 and 48 h
after wounding (when migrating keratinocytes were to be
observed in their model). They have interpreted their results
as a possible necessity for ‘‘synchronized movement of
wound leading edge keratinocytes during migration’’. Kretz
et al (2003) described an upregulation of Cx26 and Cx30 at
points of time in excess of 24 h after wounding, but did not
distinguish between leading edges and other parts of the
regenerating epidermis/wound margins. In experiments
performed by Goliger and Paul (1995), a continuous
epithelial layer already existed 24 h after wounding, but—
comparable with our results—Cx26 was negative in its
center.
The differences in localization of Cx26 and Cx30
between humans and rodents seen at 24–48 h after
wounding at the leading edges of regenerating epidermis
(Coutinho et al, 2003; Kretz et al, 2003) may be due to
differences between human and rodent wound healing. We
cannot, however, exclude the possibility that the differing
localizations may also result from our ex vivo wound model,
in which coagulation and vascular-based inflammatory
response are absent. It is known that in these phases of
wound healing various cytokines are produced, e.g., PDGF,
TNFa, TGFb, and EGF (for reviews see Karukonda et al,
2000; Gharaee-Kermani and Phan, 2001). Cytokines have
been described as influencing gap junctional intercellular
Figure 4
Localization of connexins (Cx) in
spontaneous wound healing 5-6 d
after wounding. Immunofluorescence
microscopy of Cx26 (a, epifluorescence;
a0, overlay of epifluorescence and cor-
responding phase contrast), Cx30 (b,
b0), and Cx43 (c, c0) in frozen sections of
a human wound model in regenerated
but not yet fully stratified epidermis (a,
a0, b, b0, cW, cW0; absence of stratum
corneum; W, W0: wound) and of Cx43 in
epidermis at some distance from the
wound (cE, cE0; presence of stratum
corneum; E, E0: epidermis) during late
wound healing (5–6 d). Note the positive
stainings for Cx26 and Cx30 and the
rare staining for Cx43 in regenerated
epidermis and the intense staining for
Cx43 in epidermis at some distance
from the wound. For schematic illustra-
tion see Fig 2. Scale bar: 50 mm.
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communication (GJIC) in various cells and tissues (e.g.,
Rivedahl et al, 1996; Larson et al, 1997; Hossain et al, 1998;
Chanson et al, 2001; Rivedahl and Opsahl, 2001). Therefore,
it seems likely that these cytokines may also influence GJIC
and Cx in cutaneous wound healing. Interestingly enough,
it has been demonstrated that the same cytokine can
influence the same Cx in the same type of cell differentially
in humans and mice (Rivedal et al, 1996; Rivedahl and
Opsahl, 2001). To our knowledge, no studies have been
made to date with regard to the influence of cytokines on
GJ in (wounded) keratinocytes. Our wound-healing model
could prove to be a good tool for clarifying the role of
cytokines in GJ alteration in future experiments, e.g., by
applying specific cytokines.
But apart from the differences noted at the leading edges
of regenerating epidermis, the results for Cx26 and Cx30
found in our human model are very similar to those found
in rodents and seem therefore to be independent from
inflammatory responses and differences in species. None-
theless the importance of the presence of Cx26 and Cx30 at
and near the wound margins for wound-healing progress
has still to be clarified, as they are also found at the wound
margins of most chronic, non-healing wounds that we have
investigated. Moreover Cx30/ mice do not show any
abnormality in wound healing (Kretz et al, 2003). But the
latter fact may be due to a rescue effect by Cx26. An
upregulation of Cx26 and Cx30 is typical for hyperprolifera-
tive keratinocytes, e.g., in psoriatic lesions or in epidermal
equivalents (Rivas et al, 1997; Labarthe et al, 1998;
Wiszniewski et al, 2000) where these Cx may play a role
in the regulation of differentiation (Wiszniewski et al, 2000).
Due to the absence of proliferation and migration of
keratinocytes at wound margins of chronic wounds, the
upregulation of Cx26 and Cx30 might occur too early,
resulting in a premature regulation of differentiation and
prevention of wound healing.
Our results also correspond well with those found in
rodents for regenerated but not yet completely stratified
epidermis at later stages during wound healing (5–6 d in
humans, and 2–4 d in rodents; Saitoh et al, 1997; Coutinho
et al, 2003; Kretz et al, 2003). But we could not observe an
upregulation of Cx43 after complete reepithelialization of
Figure 5
Localization of connexins (Cx) at
the wound margins of non-healing
wounds. Immunofluorescence micro-
scopy of Cx26 (a), Cx30 (b), and Cx43
(c–g) at and near the wound margins of
chronic leg ulcers (a–f), and near and at
some distance from the wound (g). (a–g)
Overlay of epifluorescence for Cx (red)
and nuclei (blue), and corresponding
phase contrast. (a–c, e, g) Paraffin-
embedded sections, (d, f) frozen sec-
tions. The white lines in (g) mark the
boundaries of epidermal tissue. Note
the positive stainings for Cx26, Cx30,
and Cx43 at and near the wound
margins (a–g) and the decrease of
intensity of Cx43 staining near the
wound margin compared with some
distance from the wound in (g). For
schematic illustration see Fig 2. Scale
bar: 50 mm.
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the wound as was found by Coutinho et al (2003). This is
likely to be due to the limited lifetime of our model that
prevents an examination of the complete restratification of
the regenerated epidermis.
The downregulation of Cx43 during initial wound healing
has been shown to be important in rodents. Cx43-deficient
mice and mice that were treated with Cx43 antisense gel
both demonstrated accelerated wound healing (Kretz et al,
2003; Qiu et al, 2003). Just as in the case of rodents, the
loss of Cx43 at and near the wound margins during early
stages of wound healing seems also to be of importance for
the induction of human wound healing, as we found that
there was no loss of Cx43 at and near the wound margins of
most chronic wounds. We do not have any explanation yet
for the exceptional absence of Cx43 at the wound margins
of one chronic wound (one of 11) that we observed in our
studies.
A downregulation of Cx43 was found not only in
cutaneous wounds, but also in epithelial wounds in both
tongue and cornea (Matic et al, 1997; Saitoh et al, 1997)
Therefore, the downregulation of Cx43 may be a general
principle in different species and different epithelial tissues,
regardless of the exact Cx expression pattern. The missing
downregulation of Cx43 in chronic wounds may contribute
to their failure to heal. Consequently, one might speculate
that a selective inhibition of Cx43 at the wound margins of
chronic wounds—comparable with that shown by Qiu et al
(2003) in fresh wounds—might be a future therapeutic
procedure.
Wounding of endothelial cells results in an increase of
Cx43 expression, and the inhibition of GJIC in these cells
results in delayed wound healing (Kwak et al, 2001). The
discrepancy between the findings established in endothelia
and those produced by both ourselves and other groups in
epithelia (Goliger and Paul, 1995; Matic et al, 1997; Saitoh
et al, 1997; Coutinho et al, 2003; Kretz et al, 2003) may be
due to the differences between endothelial and epithelial
cells. In addition, Kwak et al used cultured monolayers and
not three-dimensional tissues.
The transplantation of keratinocytes accelerates wound
healing in general (e.g., Hunyadi et al, 1987; Leigh et al,
1991; Philips and Gilchrest, 1992; Moll, 1995; Moll et al,
Figure 6
Localization of connexins (Cx) in hu-
man keratinocytes before transplan-
tation and 18 h after transplantation.
Immunofluorescence localization of
Cx26 (a, overlay of epifluorescence for
Cx26 (red), and nuclei (blue) and corre-
sponding phase contrast; d, epifluores-
cence; d0, overlay), Cx30 (b, e, e0), and
Cx43 (c, f, f0) in human keratinocytes
before (bt) and 18 h after transplantation
into a porcine wound-healing model. bv,
bloodvessel. Note the rare staining of
keratinocytes for Cx26 and Cx30 before
transplantation, the widespread staining
18 h after transplantation, and the
contrary for Cx43. Unspecific cytoplas-
matic staining for Cx30 of dead kerati-
nocytes is marked by asterisks. For
schematic illustration see Fig 2. Scale
bars: (a–c), 20 mm; (d–f), 50 mm.
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1998; Stark et al, 2000). We demonstrate a lack of Cx
staining in transplanted keratinocytes and at wound
margins during initial wound healing even though Cx
were present in the cultured keratinocytes before trans-
plantation. This conforms with the topic discussed above
concerning the importance of gap junctional isolation of
cells in the initial step of wound healing. In comparison with
spontaneous wound healing, the subsequent induction
of Cx26, Cx30, and Cx43 was observed at earlier points
of time.
In the course of our transplantation experiments of
human keratinocytes into porcine wound models, which
allowed the exact identification of transplanted keratino-
cytes, we detected Cx26 staining at cell borders of porcine
wound margin cells and human transplanted keratinocytes
adjacent to each other. This may suggest that these cells
could be connected via Cx26-containing GJ. One may
speculate that Cx26-containing GJ form a communication
network from one wound margin to the other and might
contribute to accelerated wound healing after transplanta-
tion. This we intend to investigate in future, e.g., by dye
transfer experiments and by using specific inhibitors for
Cx26 and Cx30.
Materials and Methods
Tissues, antibodies, and nuclear dyes Normal human skin
(n450) was obtained during the routine clinical removal of
epidermal cysts and tumors; the samples were localized at least
2 cm from the respective lesions. Their usage was approved by the
local medical ethics committee (060900).
Samples from non-healing wounds were obtained from the
borders of chronic leg ulcers which had existed for at least several
weeks without healing. The patients (six females, five males; 43–83
y) suffered from mixed (venous and arterial of various degrees;
nine), and diabetic (two) ulcers. The samples were used after
diagnostic procedures had been completed and in agreement with
the local medical ethics committee (OB-15/04). All patients gave
their informed consent. The tissues were snap-frozen immediately
Figure 7
Localization of connexins (Cx) in
human keratinocytes 24 h after trans-
plantation. Immunofluorescence locali-
zation of Cx26 (a, epifluorescence; a0,
overlay of epifluorescence for Cx26
(red), and nuclei (blue) and correspond-
ing phase contrast), Cx30 (b, b0) and
Cx43 (c, c0) in transplanted human
keratinocytes 24 h after transplantation
into a porcine wound-healing model.
Note the positive stainings for Cx26,
Cx30, and (heterogeneously) Cx43. For
schematic illustration see Fig 2. Scale
bar: 50 mm.
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after excision in isopentane pre-cooled with liquid nitrogen and
stored at 801C, or were fixed in formalin and embedded in
paraffin.
Porcine skin was obtained from a local slaughterhouse. All the
pigs were of the same age and race (crossbred Yorkshire/
Deutsches Edelschwein). The ears were removed directly after
slaughtering and delivered to the laboratory.
Mouse brain and liver were obtained from freshly euthanized
C57/Bl6 wild-type mice (Org191). The tissues were snap-frozen
immediately after excision in isopentane pre-cooled with liquid
nitrogen, and stored at 801C.
Antibodies against Cx26 (gpCx26) were designed in our
laboratory, produced by Peptide Speciality Laboratories GmbH
(Heidelberg, Germany) by immunizing guinea-pigs (KLH-coupled
peptide: KKRKFIKGEIKSE; see also Meyer et al, 2002), and affinity
purified with the corresponding peptide. Antibodies specific to
Cx30 (Z-PP9), and Cx43 (#71-0700) were purchased from Zymed
Laboratories (San Francisco, California), and the corresponding
antibodies for E-Cadherin (5H9) were obtained from Progen
(Heidelberg, Germany).
For nuclear staining, DAPI (Boehringer Mannheim, Mannheim,
Germany) was used.
Human and porcine wound-healing models For the investiga-
tion of spontaneous wound healing and after the transplantation of
keratinocytes, the human skin organ culture model was used as
described (Moll et al, 1998, 1999; Brandner et al, 2002). Briefly,
punch biopsies with a diameter of 6 mm including both epidermis
and dermis were taken immediately after excision of the human
skin. Subsequently, epidermis and upper dermis were removed
from the center of the biopsies (+ 3 mm) that resulted in central
wounds. The biopsies were placed dermis down on gauze in
culture dishes filled with Dulbecco’s modified Eagle’s medium
supplemented with hydrocortisone, 5% fetal calf serum, penicillin,
and streptomycin, in such a way that the medium was in contact
only with the dermis whereas the epidermis remained exposed to
the air (‘‘air–liquid interphase’’). The resultant ‘‘wound-healing
models’’ were incubated with 10% CO2 at 371C for 7, 18, 24 h,
2, 3, 5, and 6 d. The samples were snap-frozen in isopentane pre-
cooled with liquid nitrogen, and stored at 801C.
For the investigation of the fate of transplanted keratinocytes,
wound-healing models were created as described above. Subse-
quently, freshly trypsinized keratinocytes (p2; 750,000 cells per
wound) suspended in phosphate-buffered saline (PBS) were
transplanted into the wounds.
For the further systematic investigation of the fate of trans-
planted human keratinocytes, a porcine wound-healing model was
used in addition (for the similarity of porcine and human wound
healing see Sullivan et al, 2001). After washing and disinfecting the
pig’s ears, punch biopsies with a diameter of 6 mm were taken
from the plicae of the ears. Fat, subcutis, and parts of the dermis
were removed and the biopsies were then used in exactly the same
way as the human tissues.
Immunoﬂuorescence microscopy Cryostat sections (4–7 mm) of
frozen tissues were fixed in 201C acetone for 10 min. Only central
parts of the wound-healing models were used to guarantee their
comparability.
The sections were defrosted and moistened with PBS. Primary
antibodies were diluted in PBS (Cx26: 1:500; Cx30: 1:200; Cx43:
1:250; E-Cadherin: 1:5) and applied to the sections for 30 min at
room temperature (RT). The samples were subsequently washed
for 3  10 min. Afterwards Cy2- or Cy3-coupled secondary
antibodies were applied for 30 min at RT, followed by another
washing. All the nuclei were stained by a subsequent incubation
with DAPI (1:5000 in PBS). Finally, the slides were again washed
with PBS followed by aqua dest and coverslips were mounted with
Fluoromount (Southern Biotechnology Associates, Inc. Birming-
ham, Alabama).
Double-immunofluorescence microscopy was performed with
(i) antibodies recognizing only human but not porcine E-cadherin
and (ii) antibodies recognizing human and porcine Cx26 and Cx43,
respectively, for the purpose of discrimination of porcine skin and
transplanted human keratinocytes.
Figure 8
Immunolocalization of connexins (Cx) at
the wound margins after transplantation
of cultured keratinocytes. Immunofluor-
escence localization of Cx 26 (a, epifluor-
escence (red); a0 overlay of epifluorescence
for Cx26 (red); epifluorescence for E-
Cadherin (green) and phase contrast pic-
ture) 24 h after transplantation and of Cx43
(b, epifluorescence (red); b0, overlay of
epifluorescence for Cx43 (red), epifluores-
cence for E-Cadherin (green), and phase
contrast picture) 18 h after transplantation.
Transplanted cells are marked by an anti-E-
Cadherin antibody reacting with human but
not porcine cells (green). The boundaries of
the epidermis in (a, b) are marked by white
lines. Note the continuous staining of
porcine wound margins and transplanted
human keratinocytes for Cx26 and the
absence of Cx43 from the wound margins
and the keratinocytes. For schematic illus-
tration see Fig 2. Scale bar: 50 mm.
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Paraffin sections (4 mm) of formaldehyde-fixed tissues were
deparaffinated and rehydrated. Antigen retrieval was performed by
microwave oven heating (3  5 min, 600 W) in 10 mM sodium
citrate buffer (pH 6.0), followed by mild trypsinization with 0.001%
trypsin for 10 min at 371C. Unspecific-binding sites of the tissues
were blocked with 0.1% Triton X-100 and 2% dry milk powder.
Primary antibodies were applied to the sections for 1 h at RT
(Cx26: 1:500; Cx30: 1:50; Cx43: 1:100 in PBS), followed by
washing the samples 3  10 min in PBS. Afterwards, Cy3-coupled
(1:500 in PBS) secondary antibodies were applied for 30 min at RT,
followed by another washing. Nuclei were stained by a subsequent
incubation with DAPI (1:5000 in PBS). For negative controls, we
applied the Cy3-coupled secondary antibodies exclusively. The
slides were finally washed with ddH2O, and coverslips were
mounted with Fluoromount (Southern Biotechnology Associates,
Inc.).
An Axiophot II microscope (Zeiss, Go¨ttingen, Germany) and
Openlab 2.0.4 software (Improvision, Coventry, UK) were utilized to
visualize and evaluate the stained sections.
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